The galanin family currently consists of four peptides, namely galanin, galanin-message associated peptide, galanin-like peptide and alarin. Unlike galanin that signals through three different G protein-coupled receptors; GAL 1 , GAL 2 , and GAL 3 , binding at its N-terminal end, the cognate receptors for other members of the galanin family are currently unknown. Research using short N-terminal galanin fragments generated either by enzymatic cleavage or solid-phase synthesis has revealed differences in their receptor binding properties exerting numerous biological effects distinct from galanin(1-29) itself. Our studies on tissue extracts derived from rat small intestine and bovine gut using chromatographic techniques and sensitive galanin(1-16)-specific radioimmunoassay revealed the presence of immunoreactive compounds reacting with antiserum against galanin(1-16) distributed in distinct elution volumes. These results suggested a possible presence of short N-terminal galanin fragments also in vivo. Moreover, employing immunoaffinity chromatography and reverse-phase high performance liquid chromatography (HPLC) followed by mass spectrometry allowed specific enrichment of these immunoreactive compounds from rat tissues and identification of their molecular structure. Indeed, our study revealed presence of several distinct short N-terminal galanin sequences in rat tissue. To prove their receptor binding, four of the identified sequences were synthetized, namely, galanin(1-13), galanin(1-16), galanin(1-20), galanin(6-20), and tested on coronal rat brain sections competing with 125 I-labeled galanin(1-29). Our autoradiographs confirmed that galanin(1-13), galanin(1-16), and galanin(1-20) comprehensively displaced 125 I-galanin(1-29) but galanin (6-20) did not. Here we show, for the first time, that short N-terminal galanin fragments occur naturally in rat tissues and that similar or identical galanin sequences can be present also in tissues of other species. Biological significance: This study is first to provide an evidence of the presence of short N-terminal galanin fragments in vivo in a biological system and provides further foundations for the previous studies using synthetized short N-terminal galanin fragments.
Introduction
Galanin is a neuroendocrine peptide initially isolated from porcine intestine (Tatemoto et al., 1983) . It has a widespread distribution throughout the central and peripheral nervous as well as endocrine systems exerting numerous physiological effects, including the control of food intake, learning, memory, nociception, anxiety, stress, depression, inflammation, and also exerting neurotrophic or neuroprotective action (Barreda-Gomez et al., 2014; Borbely et al., 2013; Kinney et al., 2003; Kormos and Gaszner, 2013; Kyrkouli et al., 1990; Lang and Kofler, 2011) . The galanin family of peptides is encoded by two separate genes, galanin/galanin message associated peptide (GMAP) prepropeptide (GAL) and galanin-like peptide (GALP) (Evans et al., 1993; Ohtaki et al., 1999) . The mature hormone is processed from a preproprecursor by cleavage of signal peptide and consequent proteolytic processing providing galanin(1-29) (30 amino acids in humans) and GMAP (Evans et al., 1993) . Excepting humans, all other species have galanin C-terminally amidated (Evans and Shine, 1991; Lang et al., 2015; Tatemoto et al., 1983) . The N-terminal region of galanin (residues 1-14) is highly conserved between species and is involved in receptor binding mediating its biological effects (Land et al., 1991) . The function of the C-terminal sequence of galanin that shows higher degree of inter-species variability is not fully elucidated. It has been proposed to serve as protector against proteolytic attacks and may play a role for the recognition of galanin(1-29) by galanin receptors (Bedecs et al., 1995a; Rossowski et al., 1990) . Thus variability of C-terminal sequence of galanin can contribute to receptor binding differences observed between species.
So far three G protein-coupled galanin receptors have been identified; GAL 1 , GAL 2 , and GAL 3 . They trigger multiple signaling pathways, including stimulation of phospholipase C, particularly by GAL 2 , or inhibition of cAMP/PKA by GAL 1 and GAL 3 receptors respectively (Barreda-Gomez et al., 2014; Barreda-Gomez et al., 2005a; Lang et al., 2015; Rezaei et al., 2000; Webling et al., 2012) . The distribution of galanin receptors is also tissue-specific. The presence of GAL 1 has been shown in the hypothalamus, ventral hippocampal formation (HiFo), thalamus, amygdala, brainstem and spinal cord (Barreda-Gomez et al., 2005b; Burgevin et al., 1995; Gustafson et al., 1996; Habert-Ortoli et al., 1994; Lu et al., 2005) . GAL 2 is highly expressed in several brain regions, particularly in the hypothalamus, hippocampus, the anterior pituitary and lower levels also in the amygdala and regions of cortex (Fathi et al., 1997; Lu et al., 2005) . GAL 3 shows the highest expression in the preoptic/hypothalamic area and the pituitary Mennicken et al., 2002) .
Besides galanin, GALP, a 60 amino acids long neuropeptide binds to the galanin receptors. The structure of GALP is related to galanin since it contains the conserved sequence galanin(1-13) at position 9-21 within its amino acid sequence (Lang et al., 2005; Ohtaki et al., 1999) .
Interestingly, several studies have reported different binding properties and distinct functional effects induced by short N-terminal fragments of galanin and GALP that were generated only artificially either by enzymatic cleavage or a solid-phase synthesis until now (Crawley et al., 1990; Floren et al., 2000; Kinney et al., 1998; Land et al., 1991; Lang et al., 2005; Parker et al., 1995; Runesson et al., 2009; Smith et al., 1998; Todd et al., 2000; Wang et al., 1997; Wirz et al., 2005; Wynick et al., 1993) . For example, full length galanin(1-29) has shown different distribution of binding sites in the rat brain compared to galanin(1-15) (Hedlund et al., 1992; Melander et al., 1988) . Galanin (1-15) has more pronounced electrophysiological effects on pyramidal neurons in the dorsal HiFo than galanin(1-16) and full length galanin(1-29) (Xu et al., 1999) . However, the last two showed stronger hyperpolarizing effect on neurons of locus coeruleus (Ma et al., 2001) . Fig. 1 . Detection of immunoreactive compounds in peptide extract isolated from rat small intestine using rabbit antiserum K2 against galanin(1-16). A. The representative chromatogram from five independent experiments from HPLC separation of peptide extract from rat small intestine on C18 HPLC column. Gradient: 0-50% ACN with 0.1% TFA in 60 min (blue line). The arrows show the peaks with eluted immunoreactive material reacting with antiserum K2 in RIA. B. The representative results from five independent RIA analyses based on antiserum K2 of fractions from C18 HPLC separation of peptide extract from rat small intestine.
Different effects of galanin(1-29) and short N-terminal galanin fragments were also observed in interaction with other signaling systems in the brain. Galanin(2-11) was shown to have distinct effect on serotonin signaling than galanin(1-29) . Galanin(1-15) influences mood regulation, inducing strong depression-like and anxiogenic-like effects in rats via possible GAL 1 -GAL 2 heteroreceptor complex Millon et al., 2014 ). An interactions between neuropeptide Y, its cognate Y2 receptor subtype and the galanin(1-15) via galanin receptors has been observed in the nucleus of the solitary tract showing a facilitating effect of galanin(1-15) in the central cardiovascular control (Diaz-Cabiale et al., 2010; Diaz-Cabiale et al., 2005) . Moreover, an enhancing effect of galanin(1-15) on antidepressant activity of the 5-HT1A receptor agonist 8-OH-DPAT has also been observed (Millon et al., 2016) .
In fact, galanin(1-15) has been shown to exert a multitude of biological effects in several biological systems Diaz-Cabiale et al., 2002; Diaz-Cabiale et al., 2010; Diaz-Cabiale et al., 2005; Diaz et al., 1996; Hedlund et al., 1994; Millon et al., 2016; Millon et al., 2014; Narvaez et al., 2000; Narvaez et al., 1994) . Taken together, the results from the abovementioned studies suggest a presence of additional tissue-specific galanin receptors with preference for short N-terminal sequences of galanin similar to a finding of a hyperpolarizing, galanin(1-15)-selective receptor on CA3 pyramidal neurons in HiFo (Xu et al., 1999) .
So far, however, there is no evidence of the presence of such short N-terminal galanin fragments in vivo. In search of such fragments in a biological system we used chromatographic techniques and sensitive and specific radioimmunoassay (RIA) based on antiserum K2 raised against galanin(1-16) in our laboratory (Hilke et al., 2006) for analysis of tissue extracts from rat small intestine and bovine gut. The immunoreactive material was characterized by means of reverse-phase high-performance liquid chromatography (HPLC) and enriched by immunoaffinity chromatography to high degree of purity. The identity and structure of purified immunoreactive compounds was determined using nano-flow liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). Finally, the sequences of several identified compounds with potential physiological relevance were synthetized and their ability of receptor displacement of 125 I-labeled galanin(1-29)
was tested using coronal sections of the rat brain.
Results

Reverse-phase HPLC of tissue extracts
The extracts derived from rat small intestine and bovine gut were separated by reverse-phase HPLC and the collected fractions (1 mL/ min) were analyzed in RIA based on antiserum K2 (Hilke et al., 2006) . Reverse-phase HPLC of the extracts from rat small intestine showed that immunoreactive compounds reacting with antiserum K2 were eluted into two distinct elution volumes with different retention time ( Fig. 1 A,  B) . Moreover, several fractions from reverse-phase HPLC of tissue extracts from bovine gut displayed also significant signal in RIA (Fig. 2) . In this case the immunoreactive material was distributed in the volumes eluted within 19-31 min indicating that the compounds reacting with antiserum K2 are present also in other species. However, for further analysis and sequencing we used only rat tissue.
Affinity purification of immunoreactive compounds
A single one-dimensional separation of tissue extracts by reversephase HPLC did not provide quantity and purity of material containing immunoreactive compounds reacting with antiserum K2 sufficient for mass spectrometric analysis. Therefore, tissue extracts from rat small intestine were subjected to affinity chromatography using purified immunoglobulins reacting with galanin(1-16) from antiserum K2. The affinity purified immunoreactive material was further separated by reverse-phase HPLC and collected fractions (1 mL/min) were analyzed in RIA based on antiserum K2. Reverse-phase HPLC and RIA showed that immunoreactive compounds reacting with antiserum K2 were distributed in three distinct fractions with different retention time, eluting at 24 min, 30 min, and 32 min respectively (Fig. 3) . The abundances of the immunoreactive compounds in the analyzed fractions, however, cannot be inferred from the presented RIA results since they may reflect binding affinity of the particular molecular form to antiserum K2. The results from RIA show the highest concentration of the immunoreactive material in the fraction 32. Our results from mass spectrometric analysis has revealed that this fraction contained the highest abundance of galanin(1-16), which is the sequence the antiserum K2 was originally raised against. It is therefore not surprising that this fraction displayed the highest signal.
LC-MS/MS and database search
The immunoreactive compounds distributed in the fraction 24, 30 and 32 from reverse-phase HPLC were subjected to nano-flow liquid chromatography coupled with Orbitrap Velos Pro mass spectrometer. Searching of acquired MS/MS data against non-redundant database of complete rat proteome using PEAKS DB search algorithm revealed 27 distinct peptide species that covered galanin amino acid sequence in various extent. The analysis showed the presence of twelve short galanin sequences in the fraction 24, twenty-six in the fraction 30 and fourteen in the fraction 32 respectively. The fraction 24 contained exclusively peptides with truncated N-terminal end of galanin with the longest peptide galanin (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and the shortest galanin(13-20), whereas fraction 30 and 32 contained peptides with truncated either N-or Cterminal end at various extent. The fractions 30 and 32 contained also full length C-terminally amidated galanin(1-29) ( Table 1 ). The presence of small amount of C-terminally amidated galanin(21-29) in all analyzed fractions indicates that this fragment was generated by trypsin cleavage prior to mass spectrometry of galanin(1-29) in the fraction 30 and 32 or galanin(3-29) in the fraction 24 respectively at the position of Arg52 within the amino acid sequence of galanin prepropeptide (Table 1) . Although this peptide passed the exclusion criteria, its appearance is obviously generated by added trypsin before the MSbased sequencing and therefore this peptide is not listed in the table of galanin peptides with potential physiological functions ( Table 2 ). The short C-terminal fragment ELPLEVEEGR which was found in small amount in the fraction 30 and 32 (Table 1) was similarly generated by cleavage at Arg64 by added trypsin prior to mass spectrometry. This fragment, however, did not pass the exclusion criteria. An example, the MS/MS spectrum derived by collision-induced dissociation (CID) of the peptide GWTLNSAGYLLGPHAID is shown in Fig. 4. 
Bioinformatics
The identified amino acid sequences of short N-terminal galanin fragments were subjected to bioinformatics analysis in order to find peptides with potential physiological relevance and exclude those peptides which could be generated by accidental cleavage during the process of extraction from tissue or during the analytical procedures. For this purpose, the amino acid sequence of galanin prepropeptide (Fig. 5 A) was submitted to in silico cleavage experiment using PeptideCutter bioinformatics tool (http://web.expasy.org/peptide_ cutter/, Swiss Institute of Bioinformatics) to identify cleavage sites within the sequence that can be targeted by known proteases. The list of proteases with at least one cleavage site within the analyzed galanin sequence along with positions and number of cleavages are summarized in Table 3 .
The identified galanin sequences were examined for the uniqueness, excluding those which amino acid sequence started at a position known to be a target for the tested proteases in the in silico cleavage experiment. The exception has been allowed only for Arg32 and Arg52, as these two sites could be a target for trypsin used in the procedure of sample preparation for mass spectrometry. The amino acid sequence between the position Arg32 and Arg52 corresponds to galanin (1-20) but the analysis showed the presence either shorter or even longer galanin sequences that exceeded the position at Arg52 indicating that treatment of the samples with trypsin did not exert a detrimental effect on the analyzed galanin peptides. The presence of the two abovementioned C-terminal galanin fragments generated prior to mass spectrometry by added trypsin was only in minor extent. The comprehensive list of cleavage sites within the amino acid sequence of the identified short N-terminal galanin fragments for the tested proteases can be found in the Supplemental Table 1 B. Four of the identified short N-terminal galanin sequences were selected for peptide synthesis, namely galanin(1-13), galanin(1-16), galanin(1-20) and galanin(6-20) and tested for binding at galanin receptors on coronal rat brain sections based on a competition with 125 I-labeled galanin(1-29).
The search of post-translationally modified (PTM) sites contained in MS/MS spectra using PEAKS PTM algorithm combined with ASCORE's probabilistic approach and scoring algorithm (Beausoleil et al., 2006) built in Scaffold PTM software revealed also two asparagine (Asn) residues at the position 37 and 50 within the amino acid sequence of several identified short N-terminal galanin peptides deamidated. The most abundant galanin fragments, however, did not possess any deamidated Asn residues. The highest number of modified peptides was found in the fraction 30 and in less extent in the fraction 24. On the other hand, the presence of deamidated peptides containing Asn37 and Asn50 residues in the fraction 32 was rare (Table 4 ). The physiological relevance of deamidation of N-terminal galanin homologs may merit further investigation.
Receptor displacement test and autoradiography
Receptor binding of HPLC purified 125 I-labeled rat galanin(1-29)
was tested in two different concentrations on freshly prepared coronal rat brain sections prior to receptor displacement test using the synthetized galanin fragments. The concentration 1.5 nmol/L was chosen for further binding experiments and autoradiography. According the rat brain atlas of Paxinos and Watson (Paxinos and Watson, 1998 ) the highest density of binding sites for galanin(1-29) was found in the magnocellular preoptic nucleus, piriform cortex, island of Calleja, cortex-amygdala transition zone, supraschiastic nucleus, fornix, zona incerta, stria terminalis and medularis, ventrolateral, central medial, dorsomedial, paraventricular, and anteroventricular thalamic nucleus, and anterior and lateral hypothalamic area. The autoradiographs of the rat brain sections used in the competitive receptor displacement test has shown displacement of 125 I-labeled galanin 1-29 with three of four tested short N-terminal galanin fragments, particularly with galanin(1-13), galanin(1-16) and galanin (1-20) respectively ( Fig. 6 C-E). No displacement was observed with galanin(6-20) (Fig. 6 F) .
Discussion
The present work provides evidence for the presence of a handful of naturally-occurring short N-terminal galanin fragments in the rat small intestine which bind to the antiserum K2 raised against galanin(1-16) in our laboratory (Hilke et al., 2006) . Probing of tissue material separated in reverse-phase HPLC in RIA showed that immunoreactive compounds that react with antiserum K2 were distributed in two elution volumes ( Fig. 1 A, B) , suggesting distinct physicochemical properties of the eluted immunoreactive compounds. Moreover, probing of tissue extracts from bovine gut separated in reverse-phase HPLC in RIA showed that immunoreactive compounds that react with antiserum K2 are present also in other species (Fig. 2) . However, for further enrichment Fig. 3 . Distribution of immunoreactive compounds from extracts of rat small intestine after affinity purification using column with purified IgGs reacting against galanin(1-16) from antiserum K2. The fractions with immunoreactive material were identified in RIA based on K2 antiserum. The figure shows representative RIA results from four independent analyses. The gradient used in reverse-phase HPLC: 10-80% ACN with 0.1% TFA in 80 min.
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Neuropeptides xxx (xxxx) xxx-xxx and structural analysis of the immunoreactive compounds we used rat tissue.
As the concentration of neuropeptides in rat tissues is very low we developed multistep purification procedure using specific enrichment of galanin peptides on affinity column with purified immunoglobulins reacting with galanin(1-16) from antiserum K2. Combining the immunoaffinity purification with reverse-phase HPLC chromatography we could concentrate short N-terminal galanin peptides to purity sufficient for structural analysis by mass spectrometry. The multistep purification procedure mentioned above allowed not only the enrichment of the immunoreactive material but also revealed that short N-terminal galanin peptides are distributed in three distinct elution volumes indicating even higher level of diversity in their physicochemical properties (Fig. 3) . Using ice-cold treatment to chill the tissue immediately after dissection followed by rapid boiling to inactivate proteases and having protease inhibitors present during all relevant experimental procedures we protected the biological material against enzymatic degradation processes in order to get maximally relevant data.
Further analysis of the purified immunoreactive compounds by mass spectrometry revealed their primary amino acid structure (Table 1) . Interestingly, the fraction 24 contained exclusively truncated galanin species lacking several amino acids from N-terminus within the position 35-45 of the amino acid sequence of galanin prepropeptide. However, for a potential physiological relevance, the vast majority of N-terminally truncated galanin species eluting in this fraction were not further considered. These short galanin sequences did not pass the exclusion criteria in our bioinformatics analysis since the most of them started at a cleavage site for the proteases we have tested in our in silico cleavage experiment (Table 3 , see the section Experimental procedures and Supplemental material for more details). It is likely that most of the short N-terminal galanin sequences present in the fraction 24 were products of galanin turnover. In contrast, the vast majority of identified short N-terminal galanin fragments in the fraction 30 and 32 possessed intact N-terminal end suggesting physiological activity. The presence of several short Nterminal galanin peptides in the analyzed fractions, some of them in abundance clearly above the others, confirmed the ability of our affinity column for a specific enrichment of immunoreactive galanin compounds from tissue extracts.
The samples with enriched immunoreactive galanin compounds contained protein impurities that were nonspecifically bound to the column despite of vigorous washing. The impurities, if undigested, would have deteriorating effect on performance of the nano-LC column coupled to the mass spectrometer. The use of trypsin was therefore essential for a successful mass spectrometric analysis and sequencing. The digestion with trypsin did not exert detrimental effect on analyzed peptides of primary interest because the cleavage sites for trypsin consists of two Arg residues at the position 32 and 52 are determining the peptide corresponding to galanin(1-20). We could either identify shorter or longer amino acid sequences that exceed the trypsin cleavage site at Arg52, such as galanin(1-22) or galanin(1-24) and galanin(1-29) ( Table 1 ). The presence of small amount of C-terminally amidated galanin(21-29) in all analyzed fractions indicates that this fragment was generated by trypsin cleavage prior to mass spectrometry of galanin(1-29) in the fraction 30 and 32 respectively or galanin(3-29) in the fraction 24 at the position of Arg52 within the amino acid sequence of galanin prepropeptide (Table 1) . Although this C-terminal fragment passed the exclusion criteria in our bioinformatics analysis, its appearance is clearly due to tryptic processing required for mass spectrometry and therefore this peptide is not further considered and listed within the galanin peptides with potential physiological functions ( Table 2 ). The last mentioned is applicable also for the short C-terminal fragment ELPLEVEEGR generated by cleavage at Arg64 by added trypsin required for mass spectrometry based sequencing. This short fragment, however, did not pass the exclusion criteria and is therefore not listed in Table 2 .
The most abundant short N-terminal galanin peptides in this study were galanin(1-17), galanin(1-16), galanin(1-20), galanin(1-14), and galanin(1-19). Furthermore, galanin(1-18), galanin(1-22), galanin(1-13), galanin(1-11), galanin(1-15), galanin(1-12), and galanin(1-9) were also identified, but in lower abundances. The identified short Nterminal galanin sequences may exert numerous physiological effects. Some of them, prepared by peptide synthesis, have already been tested in several studies using in vitro and in vivo biological systems. The most extensively studied have been galanin(1-15) and galanin(1-16) but Table 2 List of galanin sequences with potential physiological relevance identified in the immunoreactive material from rat small intestine that passed the exclusion criteria (see the section Bioinformatics in Material and methods for more details). The abundance of the particular sequences is expressed as the sum of spectral counts in the fraction 24, 30, and 32 analyzed in quadruplicates. The peptide sequences of galanin(1-13), galanin(1-16), galanin(1-20) and galanin(6-20) were synthetized and tested in receptor displacement test on the rat brain sections competing with 125 I-labeled rat galanin(1-29 
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A. (Fig. 5 B) , in the fraction 30 (Fig. 5 C) , and the fraction 32 (Fig. 5 D) respectively with − 10lgP ≥ 20 set for confident peptide identification. The list of short N-terminal galanin peptides in these fractions is shown in Table 1 . (a) = amidation.
other galanin fragments have also been of interest (Bedecs et al., 1995b; Borroto-Escuela et al., 2014; Diaz-Cabiale et al., 2000a; Diaz-Cabiale et al., 1998; Diaz et al., 1996; Fisone et al., 1989; Fuxe et al., 1998; Girotti et al., 1993; Gu et al., 1995; Hedlund et al., 1994; Kinney et al., 1998; Land et al., 1991; Lang et al., 2005; Marcos et al., 2001; Millon et al., 2016; Narvaez et al., 2000; Narvaez et al., 1994; Runesson et al., 2009 ). The potential physiological relevance of the N-terminal galanin fragments and their relative abundances in vivo cannot be inferred simply from the relative abundances found in the current study since they may simply reflect the binding affinity of the particular short Nterminal galanin fragments to specific galanin(1-16)-reactive immunoglobulins bound to the immunoaffinity column. As an example, we found galanin(1-15) in quite low abundance but it has been shown to exert a variety of biological functions Diaz-Cabiale et al., 2000b; Diaz et al., 1996; Hedlund et al., 1994; Millon et al., 2016; Millon et al., 2014; Narvaez et al., 1994; Xu et al., 1999) .
We demonstrated binding of several of the identified naturallyoccurring short N-terminal galanin fragments at galanin receptors in the rat brain. We tested four peptides synthetized according the identified sequences from tissue extracts in the receptor displacement assay competing with 125 I-labeled galanin(1-29). The autoradiographs of the coronal brain sections showed displacement of 125 I-labeled galanin(1-29) with galanin(1-13), galanin(1-16) and galanin(1-20) respectively ( Fig. 6 C-E). No displacement was observed with galanin(6-20) (Fig. 6 F) . This peptide, however, is lacking N-terminal GWTLN sequence, thus our results are in agreement with previously published studies confirming the importance of these amino acids at the Nterminal end of galanin for the receptor binding (Berthold et al., 1997; Land et al., 1991) . Using mass spectrometry and bioinformatics analysis we also found two asparagine residues, particularly Asn37 and Asn50 within the amino acid sequence of several identified peptides deamidated. It is well known that asparagine residues in proteins and peptides can undergo spontaneous deamidation where the side chain amide group of glutamine or asparagine is transformed into an acidic carboxylate group (Geiger and Clarke, 1987) . It has been suggested that deamidation can act as molecular clock for the timing of biological events (Robinson and Robinson, 2001) . In case of the identified galanin peptides, deamidation is likely to set off catabolism of those peptides or some other corrective processes or to form a peptides with a new function. The deamidated peptides were mostly present in the fraction 30 and, in less extent, in the fraction 24 (Table 4) . However, the comparison of total spectral counts of the identified galanin fragments with the number of spectra with deamidated Asn residues revealed that deamidated peptides were present only to a minor extent. As an example, there were only forty-one spectra (nearly 16%) with deamidated Asn37 from the total of 257 matched spectra containing this site found in the fraction 30 (see Table 1 and Table 4 ). Whether deamidation of Asn37 and Asn50 residues occurred in vitro during the experimental procedure or may have some physiological relevance in vivo remains unclear.
Taken together, this study provides the first evidence that short Nterminal galanin sequences occur naturally in vivo in biological systems and provides further foundations for the previous studies using synthetized short N-terminal galanin fragments.
Experimental procedures
Animals
Thirty-four male Sprague Dawley rats (Charles River, Leiden, Netherlands), weighing 200-250 g were housed in standard cages and kept at constant temperature (21 ± 1°C) under a controlled 12 h light/dark cycle with free access to standard rat chow and water. For each preparation of tissue extract, four rats were anesthetized with 4% isoflurane and sacrificed. The gut from each animal was instantly dissected and kept on ice until the extraction procedure (< 30 min). Another set of animals were used for receptor binding experiments. The brains were instantly removed from the scull, frozen on dry ice and Table 3 List of proteases with at least one cleavage site within the analyzed sequence of galanin prepropeptide shown in Fig. 5 Table 4 Position and spectral counts of the most frequent post-translationally modified sites within the position 33-61 of the amino acid sequence of rat galanin (Uniprot_P10683) found using PEAKS PTM and Scaffold PTM algorithm in the fraction 24, 30, and 32 respectively. (The complete list of PTMs found using these bioinformatics tools within galanin sequence can be found in Supplemental coronal sections were cut using a cryostat and used in binding experiments (see below). All animal procedures were approved by the Animal Care and Use Committee at Linköping University and conformed to the standards in the Guide for the Care and Use of Laboratory Animals (Swedish Research Council).
Preparation of tissue extracts
Small intestine freshly obtained from four rats was washed in icecold phosphate buffer containing 0.04 mol/L Na 2 HPO 4 , 0.0096 mol/L NaH 2 PO 4 and 0.000513 mol/L EDTA, pH 7.4, supplemented with protease inhibitors (Roche Diagnostics Scandinavia AB, Stockholm, Sweden). The tissue was then transferred in 20 mL of boiling acetic acid (1 mmol/L), cut on fragments of about 5 mm long and boiled for 5 min.
After boiling, the tissue was homogenized using a polytron (CAT X520D, Scientific Industries, New York, NY, USA). The suspension was centrifuged at 2000 × g for 10 min at 4°C and the supernatant was applied on a C-18 Sep-Pak cartridge (Merck AB, Stockholm, Sweden) preconditioned with 10 mL 100% acetonitrile (ACN, Sigma-Aldrich Sweden AB, Stockholm, Sweden) followed by 10 mL 0.1% trifluoroacetic acid (TFA, Merck AB, Stockholm, Sweden). Peptide fraction was eluted from the cartridges with 2 mL of 50% ACN supplemented with 0.1% TFA. The eluate was used in analytical reverse-phase HPLC. Identical procedure was used for extraction of peptides from bovine gut excepting of the size of cut tissue of about 15-20 mm long.
Reverse-phase HPLC of tissue extracts
The eluate from Sep-Pac was diluted with 4 volumes of 0.1% TFA 
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Neuropeptides xxx (xxxx) xxx-xxx (buffer A). For the analysis, 5 mL of diluted eluate were transferred into a clean tube and the volume was reduced to 500 μL using a SpeedVac (SC210A, Savant). The sample was then loaded on C-18 HPLC column (Genesis C18, 4 μm particle size, Jones Chromatography Ltd., Hengoed, Mid Glamorgan, UK). The tissue extracts from rat small intestine were separated by gradient elution from 0% to 50% ACN supplemented with 0.1% TFA in 60 min or gradient from 0 to 80% ACN with 0.1% TFA in 60 min in case of extracts from bovine gut. The separated material was collected in 60 fractions (1 mL/min), lyophilized and the immunoreactivity of the collected fractions was tested in galanin(1-16)-specific RIA assay.
4.4.
125 I labeling of rat galanin(1-16) and galanin(1-29)
Peptides used as a tracer in RIA assays as well as a ligand in receptor displacement test and autoradiography were labeled using chloramine-T method. Ten micrograms of galanin(1-16) or galanin(1-29) (both from Bachem, Bubendorf, Switzerland) were dissolved in 10 μL of 0.25 mol/L phosphate buffer, pH 7.4 and mixed with 10 μL (1 mCi) 125 I (PerkinElmer, Groningen, Netherlands). The reaction mixture was supplemented with 10 μL of 1.5 mg/mL chloramine T (Merck, AB, Stockholm, Sweden) in 0.25 mol/L phosphate buffer, pH 7.4, vortexed and incubated 15-20 s. The reaction was stopped by adding 10 μL of 1.5 mg/mL sodium bisulphite (Merck AB, Stockholm, Sweden) in 0.25 mol/L phosphate buffer, pH 7.4. After mixing, 200 μL of 0.02% BSA solution in phosphate buffer (0.25 mol/L, pH 7.4) were added and the labeled peptides were purified by reverse-phase HPLC on Nucleosil C18, 5 μm particle size, 4.6 × 300 mm column (Merck AB, Stockholm, Sweden). The fractions were eluted with linear gradient from 20% to 50% ACN during 40 min and collected in 40 fractions (1 mL/min). The fraction with specific activity by means of purified radioligand was determined using a gamma counter (Wizard 2, 2470, PerkinElmer) and used in experiments. 
RIA assays
The lyophilized samples from reverse-phase HPLC were reconstituted in 0.1 mL of 0.05 mol/L phosphate buffer, pH 7.4 and the concentration of galanin(1-16)-like immunoreactivity was measured using antiserum K2 against galanin(1-16) raised in our laboratory, as described previously (38) .
125 I labeled galanin(1-16) was used as radioligand and unlabeled galanin(1-16) as calibrator with serial twofold dilutions starting from 8000 pmol/L to 7.8 pmol/L. The final dilution of antiserum was 1:12,500. After 48 h of incubation at 4°C, 100 μL of anti-rabbit IgG Sac-Cel (Immunodiagnostic Systems Limited, Boldon, UK) was added, vortexed and incubated for 30 min at room temperature. Immunoreactivity was measured using a gamma counter (Wizard 2, 2470, PerkinElmer).
Binding of galanin(1-16) to NHS-activated Sepharose
Rat galanin(1-16) (8.4 μg, Bachem, Bubendorf, Switzerland) was dissolved in 2 mL of coupling buffer containing 0.05 mol/L sodium phosphate, 0.15 mol/L NaCl, pH 7.2 and added to 4 mL of NHSSepharose 4 Fast Flow (GE Healthcare Life Sciences, Uppsala, Sweden) activated with 1 mmol/L HCl and washed with coupling buffer instantly prior incubation with peptide. The peptide with activated medium was incubated for 18 h at 4°C with gentle endover-end agitation. After incubation, the medium with bound peptide was separated by centrifugation (1000 ×g, 1 min, 4°C) and incubated with 100 mmol/L Tris-HCl, pH 7.5 for 2 h at 4°C to block free NHS groups. After incubation, the medium with immobilized peptide was washed with 50 mmol/L acetate buffer, pH 4.5 and 100 mmol/L TrisHCl, pH 7.5. The washing step was repeated 3-times to remove any unbound peptide. The medium with immobilized peptide was then used for purification of galanin(1-16)-specific IgG clones from antiserum K2.
4.7. Purification of specific immunoglobulins (IgG) reacting against galanin (1-16) from rabbit antiserum K2
The galanin(1-16)-specific IgGs were purified from rabbit antiserum K2 by immunoaffinity chromatography using a column (Econo-Pac, Bio-Rad Laboratories, Hercules, CA, USA) with synthetic rat galanin(1-16) (Bachem, Bubendorf, Switzerland) covalently immobilized on sepharose support via N-hydroxysuccinimide spacer, as described above. The antisera were diluted 1:1 with 5 mmol/L Tris-HCl, pH 7.5 (loading buffer) and loaded on the column with immobilized galanin(1-16) preconditioned with 10 bed volumes of loading buffer at flow rate 0.5 mL/min. After loading, the column was washed with 3 bed volumes of 50 mmol/L Tris-HCl, pH 7.5 containing 500 mmol/L NaCl and 0.1% Nonidet P-40 followed by wash with 3 bed volumes of loading buffer and the galanin specific immunoglobulins were eluted with 100 mmol/ L glycine, pH 2.7 (Supplemental Fig. 1 ). The eluate was instantly neutralized to pH 7.4 with 1.5 mol/L Tris-HCl. The specific IgGs were used for purification of immunoreactive compounds from tissue extracts of rat small intestine.
Affinity purification of immunoreactive compounds
The immunoreactive galanin compounds from tissue extracts were purified using a column with immobilized specific immunoglobulins reacting against galanin(1-16). To obtain sufficient quantity and purity of immunoreactive compounds, tissue extracts from 34 male Sprague Dawley rats, weighing 200-300 g were used in total. For each purification, 3-4 animals were sacrificed and extracts from small intestine were prepared using the method described above. The extracts were diluted 1:1 with 5 mmol/L Tris-HCl, pH 7.5 (loading buffer) and loaded on the column with immobilized galanin-specific immunoglobulins preconditioned with 10 bed volumes of loading buffer. After loading, the column was washed with 3 bed volumes of buffer containing 50 mmol/L TrisHCl, pH 7.5 and 0.1% Nonidet P-40 to remove unspecific binding followed by wash with 3 bed volumes of loading buffer. Finally, the specifically bound compounds were eluted with 100 mmol/L glycine, pH 2.7. After elution, the column was equilibrated with at least 10 bed volumes of loading buffer and was ready for next purification. The eluates from each purification procedure were pooled, lyophilized and stored at − 80°C until analysis.
Reverse-phase HPLC of affinity-purified immunoreactive compounds
The lyophilized material containing immunoreactive compounds from affinity chromatography was dissolved in 100 μL of buffer containing 10% ACN and 0.1% TFA and loaded on C18 HPLC column (LiChrospher WP 300, RP-18, 5 μm particle size, Merck AB, Stockholm, Sweden). The compounds were separated by gradient elution from 10% to 80% ACN in 80 min and collected in 1 ml/min fractions. The volume of 100 μL from each fraction was transferred into a clean tube, lyophilized and used in RIA assay to detect the fractions containing the immunoreactive compounds. The rest of the volume of each fraction was kept at − 80°C. Only the fractions showing immunoreactivity in RIA were further analyzed by mass spectrometry.
Sample preparation for mass spectrometry
The volume of 100 μL of each HPLC fractions containing immunoreactive compounds was lyophilized and dissolved in 50 μL of 40 mmol/ L NH 4 HCO 3 (Sigma-Aldrich AB, Stockholm, Sweden) in 10% ACN for LC-MS (Sigma-Aldrich AB, Stockholm, Sweden). The samples were then digested with trypsin (0.1 μg, Trypsin Gold, Promega, Madison, WI, USA) and incubated for 16 h at 37°C. The peptides were purified and concentrated using ZipTip C18 (Merck Millipore, Darmstadt, Germany) and eluted in 5 μL 0.1% formic acid in 50% ACN.
LC-MS/MS
The purified peptides were loaded on an Easy-nanoLC II system coupled online to an LTQ Orbitrap Velos Pro hybrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) and separated by reversephase chromatography on a 20 × 0.1 mm C18 pre-column followed by a 100 × 0.075 mm C18 analytical column, particle size 5 μm (NanoSeparations, Nieuwkoop, Netherlands) at a flow rate 300 nL/ min using a gradient starting from 2% ACN with 0.1% formic acid (FA) to 100% ACN + 0.1% FA in 60 min. The Orbitrap mass spectrometer was operated in a positive mode with normalized collision energy of 30% in collision-induced dissociation (CID). Dynamic exclusion of sequenced peptides was set to 60 s with enabled predictive automatic gain control and charge state-filtering disqualifying singly charged peptides. The samples prepared from each fraction containing immunoreactive material were analyzed in quadruplicates.
Database search
Raw files from the mass spectrometer were searched using PEAKS version 8.0 (Bioinformatics Solutions Inc., Waterloo, ON, Canada) against a Uniprot Rat 10116 database from 20140626 with the search parameters as follows: digestion enzyme trypsin with maximum number of missed cleavages 2; parent ion mass error tolerance 20.0 ppm, fragment ion mass error tolerance 0.5 and oxidation of methionine and amidation as variable modification.
Bioinformatics analysis
In order to discriminate those short N-terminal galanin sequences that might be generated by proteolytic cleavage by intestinal peptidases and may not have a physiological relevance, an in silico cleavage of the amino acid sequence of galanin prepropeptide (Fig. 5A ) was performed using PeptideCutter (http://web.expasy.org/peptide_cutter/, Swiss Institute of Bioinformatics) to find potential cleavage sites for known proteases. The list of tested proteases with at least one cleavage site within the amino acid sequence of galanin prepropeptide is shown in Table 3 . The identified galanin sequences that started at such cleavage site were not further considered. The only exception were Arg32 and Arg52 as these two arginine residues are cleavage sites for trypsin required for mass spectrometry-based sequencing. The resulting list contained short N-terminal galanin sequences with potential physiological relevance (Table 2 ) and four of short N-terminal galanin sequences from the list, namely galanin(1-13), galanin(1-16), galanin (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , and galanin(6-20) were selected for peptide synthesis and receptor binding tests. The complete list of enzymes tested in PeptideCutter can be found in Supplemental Table 1 A.
PTM analysis
The MS/MS spectral data generated by mass spectrometer were searched using PTM algorithm built in PEAKS 8 software (Bioinformatics Solutions Inc., Waterloo, ON, Canada) and the results exported in MZID files with complementary MGF files containing the analyzed spectral data were loaded to Scaffold PTM (Proteome Software Inc., Portland, Oregon, USA). The PTM sites contained in MS/MS spectra were annotated using ASCORE's probabilistic approach and scoring algorithm (39) with filtering of data set at confidence level ≥ 95% for the analyzed PTMs.
Solid-phase synthesis
Four of the identified short N-terminal galanin sequences, particularly of galanin(1-13), galanin(1-16), galanin(1-20) and galanin(6-20) were selected and synthetized by solid-phase synthesis (CASLO, Lyngby, Denmark). The peptides were purified by reverse-phase HPLC to ≥ 95% purity. The amino acid composition and sequence of each peptide was confirmed by mass spectrometry.
Receptor displacement test and autoradiography
Male Sprague Dawley rats weighing 200-250 g were housed in standard cages with 12 h light/dark cycle with water and food available at libitum. Animals were anesthetized with 4% isoflurane and sacrificed. The brain was instantly removed, placed in a pre-chilled brain slicer and two coronary sections were performed in order to dissect the brain section containing the entire hypothalamus and surrounding brain structures. The dissected brain section was further cut in 14 μm thick slices using a cryostat (CM3050, Leica Biosystems AB, Stockholm, Sweden), thaw-mounted on glass slides (4 slices/slide) and kept at − 20°C in the cryostat during the whole procedure. The slides with sections were placed in an open polypropylene box and dried in a vacuum desiccator overnight. Dried brain sections were pre-incubated in buffer containing 50 mmol/L Tris-HCl, 5 mmol/L MgCl 2 , 2 mmol/L EGTA, pH 7.4 (Sigma-Aldrich AB, Stockholm, Sweden) and protease inhibitor cocktail (Roche Diagnostics Scandinavia AB, Stockholm, Sweden) for 30 min in order to remove unwanted tissue proteases. The sections were consequently incubated in the same buffer containing 0.05% BSA (incubation buffer) and 1.5 nmol/L 125 I-labeled rat galanin
(1-29) (Bachem) to determine total binding. Another set of brain slices were incubated in incubation buffer with either 1.5 nmol/L 125 I-labeled rat galanin(1-29) and 1 μmol/L of unlabeled galanin(1-29) to determine nonspecific binding. Finally, another sets of brain sections were coincubated with 1.5 nmol/L 125 I-labeled galanin(1-29) and 1 μmol/L of synthetized galanin(1-13), galanin(1-16), galanin(1-20) and galanin(6-20), incubated separately. After incubation, the sections were washed two-times in ice-cold incubation buffer without radioligand for 5 min and briefly rinsed by dipping in ice-cold deionized water in order to remove salts present in the incubation buffer. The sections were dried with gentle flow of cold air and placed in a vacuum desiccator for 1 h. The dried sections were placed in a cassette and exposed to sensitive film (Amersham Hyperfilm, GE Healthcare Life Sciences) for 4 days.
